At the end of their life, surface bubbles burst and emit aerosols, which drastically impact exchanges in liquid as well as in pathogens or flavors with the surrounding atmosphere. This exchange depends on the thickness of the liquid film and is thus linked to the bubble drainage dynamics and to their lifetime. In this article, we propose to explore both feature for big surface bubbles depending on their size. We also explore the impact of atmospheric humidity by a careful control and systematic variation of the relative humidity. We show that a model including both capillary and gravity driven drainage gives a prediction of the bubble lifetime in line with experiments provided convection is taken into account to calculate the evaporation rate.
Introduction
Due to their wide range applicability, surface bubbles have attracted considerable attention is the past decades. The general reasons for this is their ubiquity and the enhanced transfer of materials from the liquid reservoir to the overlying atmosphere in their presence through the production of aerosols. In societal applications, studies may be found in different contexts: domestic [1] , recreational [2] , industrial [3] . Because surface active materials may adsorb at their surface during the ascent [4] , the produced aerosols feature excess concentration of such materials, which has consequences in the release of flavours from fizzy drinks [5] . In a geophysical context, the aerosols produced by bursting bubbles at the surface of the oceans constitute a primary source [6] that influences clouds formation and their radiative properties [7] . They can also favour the transport of pathogens [8] , which, in turn may alter the bubble stability [9] .
Despite their vast range of applicability, numerous questions remain only poorly addressed in the literature. Generally speaking, two distinct mechanisms for the production of aerosols have been identified. Up to ten jet drops [10] can be produced upon the destabilisation of the curvature-induced jet that forms in the bubble cavity after the fast burst of the cap film [11] . In addition, hundreds of film drops can be formed during the disintegration of the cap film upon bursting [12] . The number of produced film drops, their size and ejection velocity depend on the film thickness, which in turn is linked both to the bubble lifetime and to the thinning dynamics of the thin liquid film. In the following, we detail the typical scenario along a surface bubble life: adoption of an equilibrium shape at the surface, thinning of the cap film, nucleation of a hole and subsequent bursting.
When a bubble emerges at a liquid/gas interface, a first regime of fast thinning of the bubble cap film proceeds until it adopts an equilibrium shape that is determined by the balance of buoyancy, that pulls the gas phase in the volume towards the atmosphere and the surface tension-induced force along the circular meniscus that binds it to the bath [13] . Therefore, a relevant dimensionless quantity to address the question of the shape of the bubble is the Bond number :
where ρ liq [kg.m −3 ] and γ [N.m −1 ] are respectively the density and the surface tension of the liquid (provided that the density of the gas may be neglected), g the acceleration due to gravity [m.s −2 ], and R [m] the radius of the spherical cap of the bubble, above the meniscus. For pure viscous liquids, Debrgeas et al. [14] proposed a gravity driven flow with zero interfacial stress. The viscous film thickness on top of the bubble decays exponentially with a characteristic time related to the shape of the bubble [15, 16] . For liquids with surface active species, a metastable equilibrium is reached, where a surface tension gradient necessary to hold the weight of the film is established. A slower thinning mechanism develops, driven by capillary pressure and/or gravity, but also by evaporation [9] . A continuous transition from zero stress to zero velocity boundary condition (dependant on the relative strength of interfacial to bulk stresses) was pro-posed by Bhamla et al. [17] . Champougny et al. [18] measured different thinning rates for different surfactant concentrations and proposed a model based on an intermediary boundary condition ie a slip length. Lhuissier et al. proposed a drainage model that will be discussed further, based on the coupling between a capillary driven flow localised at the foot of the bubble and the periodic emission of so called marginal regeneration plumes, as first reported by Mysels et al. [19] Another potential contributor to thinning is evaporation, about which literature is much more scarce with only one recent paper to address its impact on the stability of surface bubbles [9] . However, the few systematic studies of the stability of thin films under controlled partial pressure of water in the gas phase, relative to the saturation pressure (ie relative humidity) report a strong impact of this parameter [20, 21, 22] . Bubble artists also invariably report decreasing stability of their films with decreasing humidity. On the other hand, when the evaporation rate get high enough, it can lead to Marangoni flows that can stabilise the bubble [23] .
As the film thins, it becomes more and more prompt to nucleate a hole that expands quickly (typically milliseconds [24] ) and irremediably leads to the destruction of the bubble. The process that initiates the rupture is not fully understood [25] but the stochastic nature of this event is well established by now [26, 27] . The total lifetime of the bubbles being the sum of both contribution (thinning and initiation of a hole), a sufficient characterisation of a given system can only be achieved with repeated measurements.
In this paper, we provide the first study of the stability of surface bubbles with a systematic variation of their size (here centimetric bubbles) in a controlled humidity environment. We benefit from an automated generation and measurement of the bubble lifetime to obtain good statistics (thousands of bubbles). We show that the characteristic time relevant to predict the bubble lifetime is given by the comparison between the drainage velocity and the evaporation rate.
Experimental methods
The physicochemichal system used for this study consists of ultrapure water (resistivity=18.2 M.Ω.m) to which 0.5 cmc (ie 0.62 g.L −1 ) [28] of Tetradecyl Trimethyl Ammonium Bromide, thereafter referred to as TTAB, is added. The latter is purchased from Sigma-Alrich and is further purified through recrystalization [29] . It was indeed found that, at this low concentration, the interface is progressively polluted (likely by the traces of tetradecanol left after the original synthesis), which drastically lowers the equilibrium surface tension and therefore alters the reproductibility of the experiments.
The experimental set-up for the measurement of the bubbles lifetime is represented in figure 1 . A cylindrical Figure 1 : A container with the solution of interest is set in a humidity controlled chamber. The container is filled from the outside of the chamber, and the level of liquid is precisely controlled with a funnel, trough hydrostatic adjustment to ensure a proper laser alignment in absence of a bubble (dotted line). Air is injected by a pump to create the bubbles, the presence of which is assessed by the subsequent divergence of the laser beam with respect to the photodiode (solid line). Images are recorded from the side during the experiments.
container featuring a teflon ring in its upper end is used to facilitate the emergence of a meniscus above the level of the container and images of the bubbles (see figure  2b) are taken from the side with a monochrome camera (Marlin). A red laser beam (wave length and light power are respectively equal to of 650 nm and 5 mW) is directed to the center of the container, where the bubbles are created. In the absence of a bubble, the reflection of the beam on the interface is focused with a convex lens on a photodiode that emits a subsequent electric signal. When a bubble appears, the beam diverges and the photodiode is turned off. Making use of a python routine, this system allows for the repeated and automated generation of bubbles together with a measurement of bubbles lifetime. The whole set-up is set in a 75x45x45 cm 3 plexiglas chamber. A humidity sensor (SHT25) is placed a few centimeters away from the bubble in the container, on the same horizontal plane and coupled to a flow regulator. A PID controller determines whether the output flow of air passes directly to the chamber (dry air), or first through the bottom of a water bottle (humid air), which allows for the control of the humidity RH in the measuring chamber. The room is kept at a constant temperature of 22
• C. In order to precisely control the level of the meniscus, the container is plugged to a funnel that is placed out of the box and which vertical position sets that of the meniscus making use of hydrostatic equilibrium. The images are taken at 4 frames per second and processed a posteriori making use of the scikit-image library in python. This provides an independent measurement of the bubbles lifetime, necessary to eliminate some artefacts that can arise when daughter bubbles [30] or a loss of height caused by evaporation prevent the alignment of the laser with the photodiode. The size of every bubbles is also measured using this routine (figure 2a). For the injection of the bubbles, a PTFE tube of inner diameter 325 µm is guided trough a capillary tube to which it is hermetically glued, from the bottom of the container. The lower end of the PTFE tube is plugged to a solenoid valve that allows a flow of air triggered by a flow-controlled aquarium pump to blow bubbles when required, for a controlled amount of time. Figure 2b represents the time evolution of the different parameters in the course of an experiment. The bottom axis indicates the time ellapsed since the onset of the set up, while the top axis displays the corresponding bubble number. The top chart indicates that the humidity is properly controlled within 1.5%. This is to compare with the accuracy of the humidity sensor, which is around 1.8 % below 90 %, around 2 % between 90 and 95 % and around 2.5% above 95 %. The accuracy of the humidity control and measurement is thus limited by the sensor and decreases with the humidity rate. The experiments conducted at high humidity (ie close to saturation) thus could not be as precisely controlled in terms of absolute humidity because the precision of the sensors drops and condensation could damage the electronic connections. Instead, humid air was continuously injected in the chambers, and condensation could be observed, while the few readings we took guaranteed values above 95%.
The middle chart in Figure 2 shows that, for a given injection time the size of the bubbles is reproducible (± 40 µm). The bottom one shows that, for a given humidity in the chamber and a given bubble size, the bubbles lifetime does not vary significantly, which is necessary to assess an overall reliable significance of the measured lifetimes [23] .
To provide more insight into these systems, the thickness evolution of film at the apex of the bubbles was measured using a reflectometric technique, described in more details in [18, 21] . These experiments were conducted in a closed chamber which humidity was controlled with another device described in [31] .
3 Results and discussion
Results on the bubbles lifetime
All the collected data on the bubbles lifetimes are represented in figure 3 as a function of their size, for different humidity values. The stability of the bubbles increases significantly with their size for a given humidity. On the other hand, environmental humidity is demonstrated to play a crucial role in the stability of the bubbles. We indeed measured lifetime differences up to one order of magnitude for similar bubbles submitted to different relative humidity values. This effect is not linear since the stability increases approximately by a factor of 10 between 50% and saturated values, while it increases only by a factor of two between 20 % and 50 %. A closer insight into this phenomena was measured by fixing the bubble size to 1.3 cm and let the humidity in the chamber increase progressively starting from 65 % up to 99 %( see the inset in figure 3 ).
In Figure 3 , the dispersion of the data points seems to increase with the relative humidity. This may be due to the accuracy of the humidity captor, which decreases with RH, as mentioned in section 2. Figure 4 : Thickness of bubbles film at the apex as a function of time, for various bubbles size, close to water vapor saturation. Full lines are the optimal fits using a power law with the exponent as a free parameter. The inset shows the dependency of this exponent with the bubbles size. The plain circles are obtained using the software NanoCalc to process the spectra.
Bubbles drainage
In Figure 4 , we show the evolution of the film thickness at the apex of the bubbles versus time for an environmental humidity close to saturation for different bubbles radii (corresponding to Bond number above 5). In this situation, in (almost complete) absence of evaporation, the two potential drivers for the thinning of the cap are capillary pressure and gravity. For pure solutions, it was shown that the transition between a capillary dominated regime (with a macroscopic driving force of 2πγS/R, where S[m 2 ] is the area of the bubble cap) and a gravity dominated regime (where the driving force is 4πR 3 ρ liq g/3) occurs for a Bond number of 0.25 [32] . Our systems is however qualitatively different because the presence of surfactants can induce a so-called marginal pinching in the vicinity of the bubble foot (that is, at the transition region between the meniscus and the overlaying cap). This pinch was proved by Aradian et al. [33] theoretically consistent with rigid boundary conditions at the surface of the films, while Howell et al. [34] demonstrated the impossibility for a film to pinch in the case of fully mobile interfaces. In the case of TTAB solutions, neither rigid nor mobile film thinning models would prove consistent with experimental observations [18] . However, an indirect proof of the existence of such pinching can be obtained through the observation of convective plumes, of smaller thickness, that rise from the bottom to the cap of the bubble. This phenomenon has been reported in numerous studies both in the case of vertical films [19, 35, 36] and bubbles [18, 12] . Lhuissier et. al [12] considered for the first time the influence of the pinch on the overall cap drainage dynamics. Featuring the smallest thickness (and therefore maximum viscous dissipation), the pinched zone is assumed to be limiting in the whole drainage process. The surface rigidity is ensured by assuming an accumulation of surfactants at the foot of the bubble, under the action of drainage of the cap, which creates a subsequent Marangoni stress. The instability that gives rise to the plumes is assumed to arise from this accumulation and the corresponding contribution to the thinning (by replacement of thick films portions by thin regeneration plumes), being dependent on the drainage driven accumulation of surfactants, is assumed to be of the same order of magnitude. Finally, considering that the thickness difference between the rising plumes and the mean cap thickness is of the same order than the cap thickness itself, they use scaling laws for the capillary flow in the limit of small bubbles within the pinch and the matching of the curvature of the cap with that of the pinch (see equation 5) to obtain the following prediction for the cap thickness [12] : This predicts a scaling of the film thinning with time h ∼ t −2/3 . On the other hand, in the case of large bubbles ie gravity driven flows, the thickness is expected to evolve as t −1/2 whatever the boundary condition at the interfaces [17] . The data in Figure 4 indeed exhibit a n algebraic behavior with time after a few seconds and we thus fitted the data by a power law. The extracted exponent is reported in the inset of Figure 4 and exhibits a transition from a −2/3 exponent for the smallest bubble to −1/2 for the largest, implying that both phenomena need to be taken into account for our experiment. Momentum conservation in the pinched area can be written using the Stokes equation, which scales as:
where V [m.s −1 ] is the typical velocity of the fluid within the thickness of the film, δ[m] and l[m] the two characteristic lengths of the pinch that are, respectively, its thickness and its tangential extension (with respect to the local bubble surface, see the inset of Figure 5 ). Mass conservation writes:
where P [m] and S[m 2 ] are repectively the perimeter of the (circular) meniscus and the surface area of the cap.
We now follow the same steps than Lhuissier et al. [12] for the closure of the problem in presence of gravity in equation 3. Matching the curvature of the cap with that of the pinch implies:
The thickness of the pinch is of the order of h and evolves in parallel with it, an affirmation confirmed by Nierstrasz [35] who finds a constant ratio δ/h of 0.2 during the whole draining process of a vertical foam film. Equation 5 allows to express l as the geometrical mean of the two other lengths of the problem, ie l ∼ √ Rh, so that:
where the first term in the right-hand side accounts for capillary suction and the second one for gravity driven drainage. Finally, we assume a large bubble limit for the geometrical factor in equation 4, namely: P/S ∼ 1/R in line with a Bond number larger than 5 [13] . The system of equations for the drainage is therefore closed and leaves us with the possibility of a numerical integration of equation 4, with V given by equation 6 and using h 0 , the measured initial thickness, as an initial condition. Figure 5 illustrates the validity of this approach with three representative bubbles (for the sake of readability) taken from the same experiments as figure 4, when evaporation is negligible. Indeed the capillary model (dashed lines) underestimates the thinning velocity of the film as compared to the more complete model presented above that better describes our data. Of course the discrepancy between both models is more and more important as the bubble size increases. 
Role of evaporation
With an appropriate model at hand to describe the thinning contribution due to the liquid flux from the cap to the bath, we now turn to the role of evaporation in this system. Our approach is inspired from Poulain et al. [23] who first addressed this problem as such. Mass conservation must now account for this additional contribution and may be rewritten as follows:
where J[kg.m −2 .s −1 ] is a mass evaporation rate that we need to estimate. To our knowledge, a complete model to describe the present situation that is, a 4 cm diameter bath over which a centimetric bubble is set has not been addressed yet and such a description is beyond the purpose of this paper. The limiting process is generally speaking the flux of water vapor in the gas phase, from the evaporating surface close to saturation, to infinity, where the relative humidity takes a fixed value (in our case, the setpoint of the PID controller). Water vapor being less dense than dry air, we must consider the possibility of a convection dominated evaporation. We calculate the Grashof number that balances the buoyancy of water-saturated air (that drives convection) and the viscous forces (diffusion) [37] : Gr = | , where ρ ∞ and ρ sat are the density of air far from the bath and at saturation and are calculated from [38] , r bath is the radius of our circular bath (2 cm) and ν air ≈ 1.5 * 10 −5 m 2 .s
the kinematic viscosity of air. Note that by using r bath as a characteristic lengthscale of the evaporating surface, we minimize the total evaporating surface (bath plus bubble) and therefore the convective effect. However, for a humidity of 50 %, the Grashof is of 1528. We therefore consider that the boundary layer set by the evaporating bath is of primary importance. We make use of the scaling of Dollet et al [39] for the convective evaporation of a circular bath:
where D ≈ 2 * 10 −5 m 2 .s −1 is the diffusion coefficient of water vapor in air. The underlying approximation is that we neglect the influence of the bubble on the vapor concentration field. In reference [39] , the calculation is performed in three different zones a central zone at r << r bath , an intermediate zone for r < r bath and a third zone for r ≈ r bath , r being the radial coordinate with respect to the center of the bath. We use the scaling of the intermediary zone, with r < r bath . Indeed, the spatial extension of the third zone is always smaller than 6 mm in our experiment. This explains why we this zone is not relevant in our experiments. Moreover, the area of the central zone, whose radius scales as (Gr −3/5 r bath ) 2 represents 0.06 % of the bubble area for RH = 50%, which is negligible and justifies that we do not take into account the central zone either. Figure 6 shows the thickness evolution curves for bubbles of different radii and in varying humidity conditions. The model accounting for evaporation predicts remarkably well the dynamics of the system (solid red lines), with no adjustable parameters. We also show that evaporation plays a crucial role in the thinning of the bubbles at long times (the dotted blues lines represent the prediction of the model without evaporation), which eventually sets the overall bubbles stability.
We are aware that some models take into account evaporation inhomogeneities, which could generate stabilizing thermal Marangoni stresses [9, 40] . Nevertheless, the excellent agreement between the model and the data exhibited by the comparison in Figure 6 shows that if such a stabilizing effect exists, it is a second order mechanism.
Finally, the Grashof number depends on humidity. In particular, in a almost saturated environment (RH = 99 %), it is around 30. For similar values of the Grashof number in evaporating drops, an approximate 50% contribution of diffusion to the overall evaporation rate was reported [41] . The presence of the bubble in the water vapor concentration field thus may become of importance at high humidity rate and we need to account for it. In this case, we will thus make use of the model of the diffusive evaporation of a sphere, which appears to be in better agreement with our experimental data [42, 9, 43] :
3.4 Prediction for the lifetime Combining equations 4 and 6 and adding the evaporation flux, we get the total mass conservation equation:
In the following, the goal is to extract the bubbles lifetime. We will make use of a hypothesis similar to Champougny et al. [21] (in the case of vertical flat films in continuous generation) and Poulain et al. [9] namely that what sets the lifetime of surfactant-stabilized films is the balance of capillary/gravitational thinning on one side and the evaporative thinning on the other side. We will therefore proceed as follows: we first look for the thickness h c for which, given a bubble size and an evaporation flux, the thinning due to drainage (two first terms at the right hand side of Equation 10) equals the thinning due to evaporation. h c is obtained by solving numerically dh dt = 0 in equation 10. We then approximate the lifetime as τ c = ρ liq h c /J following the exact integration done by Poulain et al [23] in absence of gravity. The authors indeed demonstrate that the bubble lifetime scales like τ c with a prefactor close to 1. This is equivalent to neglecting the thinning down to a thickness τ c . For the non-saturated cases, we use equation 8 for J. Note that, in this case, a computation of h burst = h(t = lifetime) yields a rupture thickness of 10-100 nm, consistent with a thermally induced instability of the film thickness that can lead to the final rupture [44] . On the other hand, the time necessary to achieve such thicknesses in the complete absence of evaporation results in an overestimation of the lifetime of the bubbles of at least two orders of magnitude. The reason for such discrepancy is that a complete saturation in water vapor is not achieved experimentally. We therefore arbitrarily chose an effective humidity value of 99% for the "saturated" experiments (a slightly higher or lower value does not change qualitatively the results). For this saturated case, we thus use equation 9 since the Grashof number is small, as explained in section 3.3 with RH = 99 %. Figure 7 finally represents the measured lifetimes of the bubbles as a function of τ c . Our model thus well described the experiment provided a different evaporation flux is used at small and large humidity. The evaporation is indeed convective at small humidity and diffusive in a almost saturated environment.
Conclusion
In this work, we address the question of the stability of centimetric surface bubbles, made from a slightly concentrated surfactant solution. In particular, the impact of the size of the bubbles in this regime and the role of the environmental humidity are treated. We use an automated set up to repeat measurements in similar conditions in order to ensure the statistical significance of the results. The stability of the bubbles (their lifetime) was shown to increase both with increasing size and relative humidity. To explain these results, we measured the thickness evolution of the cap as a function of time. We derive a model for the thinning that accounts for both gravity and convective evaporation induced by the surrounding circular bath. With this model that successfully predicts the evolution of the cap thickness at hand, we compute a prediction for the lifetime, based on the assumption that, to primary order, the lifetime is set by the ratio between the thickness for which evaporation contribution becomes dominant and the evaporation rate. The fact that convective evaporation allows for a better prediction for the actual evaporation rate is an additional step towards predicting real systems where the surrounding pool of liquid is in general much larger than the bubbles (swimming pools, oceans, ...).
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